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(57) ABSTRACT

The present invention relates to a light amplifier capable of
obtaining the gain and the noise characteristic required for a
direct light amplification repeater in order to keep up with
the trend toward higher transmission speeds. The light
amplifier includes a Raman excitation section for back-
wardly Raman-exciting an input side optical fiber, a first
discrete light amplifier capable of carrying out a discrete
amplification of light from the input side optical fiber and
Raman-amplified by exiting light from the Raman excitation
section, a dispersion compensating fiber Raman amplifier
capable of, while dispersion-compensating the light ampli-
fied by the first discrete light amplifier in a dispersion
compensating fiber, Raman-amplifying the light propagating
in the dispersion compensating fiber, and a second discrete
light amplifier capable of carrying out a discrete amplifica-
tion of the light from the dispersion compensating fiber
Raman amplifier.

15 Claims, 5 Drawing Sheets
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LIGHT AMPLIFIER AND LIGHT
AMPLIFYING METHOD

BACKGROUND OF THE INVENTION

1) Field of the Invention

The present invention relates to a light amplifier and a
light amplifying method suitable for use in an optical
communication system and, more particularly, to a light
amplifier and a light amplifying method suitable for use in
a wavelength division multiplexing (WDM) optical com-
munication system and, still more particularly, to a light
amplifier and a light amplifying method suitable for use in
carrying out a repeater amplification in a wavelength divi-
sion multiplexing optical communication system.

2) Description of the Related Art

In recent years, a construction of a photonic network
using the wavelength division multiplexing transmission
technique is in progress for practical use. In the photonic
network, by lengthening the distance across which a light
signal to be repeated can transmit by being directly ampli-
fied without being converted into an electric signal, the cost
of the whole optical network is reduced, that is, the cost of
the network can be reduced by lengthening the regenerative
repeater interval distance. Because of this, a development of
lengthening the distance of light amplification repeater
transmission is positively in progress.

In other words, in a trunk system network, by lengthening
the regenerative repeater (repeater in which after a light
signal is once converted into an electric signal and amplified,
the electric signal is converted again into a light signal)
interval distance, the reduction in cost of the whole network
is realized. That is, the cost performance of the construction
of a network is determined according to how far the regen-
erative repeater interval can be lengthened by interposing a
function of the repeater, in which a direct light amplification
is carried out by a fiber Raman amplifier, an erbium (Er)
doped fiber light amplifier, or the like, on the transmission
path. It is indispensably necessary to reduce noises in the
repeater function for carrying out a direct light amplification
in order to realize the extension of the regenerative repeater
interval distance as described above.

On the other hand, the trend of the transmission speed per
wavelength (channel) toward higher speeds from already
existing 10 Gb/s to 40 Gb/s also contributes to the back-
ground, which requires that the noises be further reduced in
the performance of a light amplification repeater in order to
keep up with the trend toward higher transmission speeds as
described above. In order to realize the reduction in noise of
a light amplification repeater capable of keeping up with the
trend toward higher transmission speeds, a technique
capable of carrying out a direct light amplification with
reduced noises is demanded.

A Raman amplifier described in Patent document 1 shown
below is an example that realizes the reduction in noise of
a light amplification repeater in order to keep up with the
above-mentioned trend toward higher transmission speeds.
In the Raman amplifier described in Patent document 1, a
Raman amplification optical fiber and a dispersion compen-
sating fiber (DCF) are connected in this order and input light
is Raman-amplified in the Raman amplification fiber and at
the same time, the dispersion of the Raman amplification
optical fiber and a transmission path fiber to which the
Raman amplification optical fiber is connected is compen-
sated in the DCF. Then, in order to alleviate the loss
produced by the DCF, the Raman amplifier carries out a
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2

Raman amplification of the DCF as well as a dispersion
compensating fiber Raman amplifier (DCFRA).

In addition to the above, techniques relating to the present
invention include those described in Patent documents 2 and
3 shown below.

[Patent document 1] Japanese Patent Laid-Open (Kokai)
2003-131274

[Patent document 2] Japanese Patent Laid-Open (Kokai)
HEI 9-179152

[Patent document 3] Japanese Patent Laid-Open (kokai)
2000-98433

However, in the technique described in Patent document
1, a special optical fiber having an effective area of 30 um?
or less at an exciting light wavelength is used as a Raman
amplification optical fiber used for Raman amplification in
order to obtain a comparatively high Raman amplification
efficiency.

At present, in order to reduce the noise figure (NF) to a
level of 3 dB or less in a node constituting a repeater in an
optical transmission path, it is necessary to carry out a
distributed Raman light amplification of an input side trans-
mission path fiber. In the technique described in Patent
document 1 mentioned above, a Raman amplification is not
carried out for the input side transmission path fiber, there-
fore, it is difficult to make the loss of the transmission path
fiber appear effectively low and it is also difficult to reduce
the NF below 3 dB, which is a theoretical limit that can be
realized in an erbium doped optical fiber amplifier (EDFA)
(refer to FIG. 5(b) shown in Patent document 1).

Moreover, in the technique described in Patent document
1 mentioned above, if an attempt is made to carry out the
distributed Raman amplification of the input side transmis-
sion path fiber for the purpose of obtaining the gain obtained
by the Raman amplification in the Raman amplification
optical fiber used for Raman amplification, in addition to the
purpose of making the loss of the transmission path fiber
appear low, it becomes necessary to use an extremely large
exiting light power equal to or greater than about 500 mW.

If it is intended to connect an exciting light source and an
optical fiber with an easily-detachable connector in a con-
figuration for supplying exciting light to be used as a DRA
to an optical fiber, it is preferable, at present, to avoid the
application of exciting light having such an extremely large
power from the standpoint of the convenience of handling.
In IEC61292-4TR (IEC/TR 61292-4: OPTICAL AMPLIFI-
ERS —Part 4: Maximum permissible optical power for the
damage-free and safe use of optical amplifiers, including
Raman amplifiers), cautions are described in the case where
exciting light having such an extremely large power is
applied to a DRA. Therefore, without employing the fore-
going extremely large power as an input power to a trans-
mission path of the exciting light to be applied to the DRA,
the measures to reduce noises are required.

It is needless to say that the above-mentioned technique
for a direct light amplification is required to reduce noises on
the assumption that the light level at the stage of being sent
out to a transmission optical fiber for repeater is amplified up
to a level required by the optical communication system.

Moreover, the techniques described in Patent documents
2 and 3 mentioned above also are not for disclosing a
technique that realizes the gain and the noise characteristic
of a light amplification repeater in accordance with the trend
toward higher transmission speeds as described above.
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SUMMARY OF THE INVENTION

The above-mentioned problems being taken into account,
the present invention has been developed and an object
thereof is to provide a light amplifier and a light amplifying
method configured so as to be able to obtain the gain and the
noise characteristic required for a direct light amplification
repeater in order to keep up with the trend toward higher
transmission speeds.

To attain the above-mentioned object, the light amplifier
according to the present invention is a light amplifier inter-
posed between an input side optical fiber and an output side
optical fiber and is characterized by including a Raman
excitation section for backwardly Raman-exciting the input
side optical fiber, a first discrete light amplifier capable of
carrying out a discrete amplification of light from the input
side optical fiber and Raman-amplified by the exiting light
from the Raman excitation section, a dispersion compensat-
ing fiber Raman amplifier capable of, while dispersion-
compensating the light amplified by the first discrete light
amplifier in a dispersion compensating fiber, Raman-ampli-
fying the light propagating in the dispersion compensating
fiber, and a second discrete light amplifier capable of car-
rying out a discrete amplification of the light from the
dispersion compensating fiber Raman amplifier.

The level of the light outputted from the second discrete
light amplifier may be set so that a first upper limit value set
based on the amount of waveform deterioration caused by
the nonlinear optical effect due to the output side optical
fiber is not exceeded.

Further, the gain of the dispersion compensating fiber
Raman amplifier may be set so that the interference noise
caused by the double Rayleigh scattering is suppressed
while the loss of the light due to the dispersion compensating
fiber is being compensated.

The level of the light outputted from the dispersion
compensating fiber Raman amplifier may be set so that a
second upper limit value set based on the amount of wave-
form deterioration caused by the nonlinear optical effect due
to the dispersion compensating fiber is not exceeded.

Further, the level of the light outputted from the second
discrete light amplifier may be set so that the first upper limit
value set based on the amount of waveform deterioration
caused by the nonlinear optical effect due to the output side
optical fiber is not exceeded, the gain of the dispersion
compensating fiber Raman amplifier may be set so that the
interference noise caused by the double Rayleigh scattering
is suppressed while the loss of the light due to the dispersion
compensating fiber is being compensated, and the level of
the light outputted from the dispersion compensating fiber
Raman amplifier may be set so that the second upper limit
value set based on the amount of waveform deterioration
caused by the nonlinear optical effect due to the dispersion
compensating fiber is not exceeded.

In this case, the gain of the second discrete light amplifier
may be set as a gain being amplified from the level set as a
level of the light outputted from the dispersion compensat-
ing fiber Raman amplifier to the level set so that the first
upper limit value is not exceeded.

Further, the gain of the first discrete light amplifier may be
set so that the first discrete light amplifier amplifies the light
Raman-amplified by the exciting light from the Raman
excitation section up to the level of the light inputted to the
dispersion compensating fiber Raman amplifier, which is
derived from the gain of the dispersion compensating fiber
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Raman amplifier and the setting of the level of the light
outputted from the dispersion compensating fiber Raman
amplifier.

Preferably, the intensity of the exiting light from the
Raman excitation section is set to equal or less than about
500 mW.

Further, preferably, the first discrete light amplifier and
the second discrete light amplifier are constituted of a first
rare earth doped light amplifier and a second rare earth
doped light amplifier, respectively.

Furthermore, preferably, the light amplified by the exiting
light from the Raman excitation section is wavelength
division multiplexed light and when the output level per
wavelength channel is equal to or greater than -3 dBm and
the gain of the whole light amplifier is equal to or greater
than 25 dB, the effective noise figure of the whole light
amplifier is set to 2 dB or less.

The light amplifying method according to the present
invention is characterized by including the steps of carrying
out a first Raman amplification of the light propagating in
the input side optical fiber, carrying out a first discrete
amplification of the light inputted from the input side optical
fiber and first Raman-amplified, carrying out a second
Raman amplification of the light propagating in the disper-
sion compensating fiber while dispersion-compensating the
light for which the discrete amplification has been carried
out in the dispersion compensating fiber, and carrying out a
second discrete amplification of the light for which the
dispersion compensation and the second Raman amplifica-
tion have been carried out and outputting the light to the
output side optical fiber.

In this case, the level of the light obtained by the second
discrete amplification is set so that the first upper limit value
set based on the amount of waveform deterioration caused
by the nonlinear optical effect due to the output side optical
fiber is not exceeded, the gain obtained by the second Raman
amplification is set so that the interference noise caused by
the double Rayleigh scattering is suppressed while the loss
of' the light due to the dispersion compensating fiber is being
compensated, and the level of the light obtained by the
second Raman amplification is set so that the second upper
limit value set based on the amount of waveform deterio-
ration caused by the nonlinear optical effect due to the
dispersion compensating fiber is not exceeded.

Preferably, the gain obtained by the second discrete
amplification is set as a gain being amplified from the level
set as a level of the light obtained by the second Raman
amplification to the level set so that the first upper limit
value is not exceeded.

The gain obtained by the first discrete amplification may
be set so that the level of the light obtained by the first
Raman amplification is amplified up to the level of the light
inputted to the dispersion compensating fiber Raman ampli-
fier, which is derived from the gain obtained by the second
Raman amplification and the setting of the level of the light
obtained by the Raman amplification.

Preferably, the intensity of the exciting light for the first
Raman amplification is set to equal or less than about 500
mW.

The output of the exciting light in the Raman excitation
section may be controlled to be constant, the power of the
output light obtained by the first discrete amplification may
be controlled to be constant, the power of the output light
obtained by the second Raman amplification may be con-
trolled to be constant, and the power of the output light
obtained by the second discrete amplification may be con-
trolled to be constant.
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As described above, the light amplifier of the present
invention includes the Raman excitation section connected
to the input side optical fiber and backwardly Raman-
exciting the input side optical fiber, the first discrete light
amplifier capable of carrying out a discrete amplification of
the light from the input side optical fiber and Raman-
amplified by the exiting light from the Raman excitation
section, the dispersion compensating fiber Raman amplifier
capable of, while dispersion-compensating the light ampli-
fied by the first discrete light amplifier in the dispersion
compensating fiber, Raman-amplifying the light propagating
in the dispersion compensating fiber, and the second discrete
light amplifier capable of carrying out a discrete amplifica-
tion of the light from the dispersion compensating fiber
Raman amplifier, therefore, there is an advantage that the
gain and the noise characteristic can be obtained, which are
required for the direct light amplification repeater in order to
keep up with the trend toward higher transmission speeds.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram showing a light amplifier according to
an embodiment of the present invention.

FIG. 2, FIG. 3, and FIG. 4 (a) to FIG. 4 (¢) are each
diagrams for explaining the operational effect of a light
amplifier according to an embodiment of the present inven-
tion.

FIG. 5 is a diagram showing a modification of an embodi-
ment of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The embodiments of the present invention are explained
below with reference to drawings.

In addition to the above-mentioned objects of the present
invention, other technical problems and means to solve the
technical problems and its operational effect will be cleared
in the description of the embodiments disclosed below.

[A] Description of an Embodiment of the Present
Invention

[A1] Configuration

FIG. 1 is a diagram showing a light amplifier according to
an embodiment of the present invention. A light amplifier 1
shown in FIG. 1 is applied as, for example, a repeater node
interposed on an optical transmission path 10 and carries out
a direct light amplification repeater of a light signal propa-
gating in the optical transmission path 10. In other words,
the light amplifier 1 as a repeater node carries out the direct
light amplification of a light signal inputted from an input
side optical fiber 10-1 constituting the optical transmission
path 10 and sends out the light signal to an output side
optical fiber 10-2 constituting the optical transmission path
10.

The light amplifier 1 includes a Raman excitation section
2, a first erbium doped optical fiber amplifier 3, a dispersion
compensating fiber Raman amplifier 4, and a second erbium
doped optical fiber amplifier 5.

Here, the Raman excitation section 2, which includes a
Raman exciting light source 2a¢ and an optical member 25
for inserting the Raman exciting light from the Raman
exciting light source 2a into the input side optical fiber 10-1,
supplies the exciting light from the Raman exciting light
source 2a to the input side optical fiber 10-1, thereby
enabling the light (for example, wavelength division multi-
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6
plexed signal light) propagating in the input side optical
fiber 10-1 to be Raman-amplified by backward excitation.

By carrying out a Raman amplification using the input
side optical fiber 10-1 as an amplification medium in this
way, the loss of the input side optical fiber 10-1 can be made
to appear eftectively low as described above, therefore, the
NF of the node can be made lower than 3 dB, which is a
theoretical limit that can be realized by the erbium doped
light amplifier.

The exciting light, which is to be outputted from the
Raman exciting light source 2a of the Raman excitation
section 2, is configured so that light having a wavelength in
accordance with the wavelength band of input light can be
outputted, and the exciting light power can be set to about
500 mW, which is specified as a conformity index in Class
3B of the laser safety standards. In other words, setting the
exciting light power so as to satisfy the conformity index in
Class 3B of the laser safety standards can contribute to the
convenience in handling.

The level of the light from the transmission path fiber 10-1
differs in loss component depending on the length etc. of the
transmission path fiber 10-1 and the power of the exciting
light to be supplied to the transmission path fiber 10-1 is set
to about 500 mW in the Raman excitation section 2, there-
fore, the level of the light Raman-amplified by the Raman
excitation section 2 changes depending on the loss in the
transmission path fiber 10-1.

The first erbium doped light amplifier 3 is an optical fiber
amplifier that functions as a first discrete light amplifier
capable of carrying out a discrete amplification of the light
(signal light) from the transmission path fiber 10-1 and
Raman-amplified by the exciting light from the Raman
excitation section 2 and this first erbium doped light ampli-
fier 3 is configured so as to be capable of receiving the light
Raman-amplified through the transmission path fiber 10-1
and setting a gain so that the light can be amplified up to the
target level, to be described later.

The dispersion compensating fiber Raman amplifier (DC-
FRA) 4 is capable of Raman-amplifying the light amplified
by the first erbium doped light amplifier 3 while carrying out
dispersion compensation and includes a dispersion compen-
sating fiber 4a connected to the erbium doped light amplifier
3 and at the same time, a Raman exiting light source 4b
capable of emitting Raman exciting light for the dispersion
compensating fiber 4a and an optical member 4¢ for insert-
ing the Raman exiting light emitted from the Raman exciting
source 4b into the dispersion compensating fiber 4a, for
example, from the back side.

The dispersion compensating fiber 4a compensates the
dispersion in the transmission path fiber 10-1. There is the
possibility that the length of the transmission path fiber 10-1
constituting the input side optical fiber of the light amplifier
1 differs depending on the installation position thereof,
therefore, the dispersion compensating fiber 4a is configured
s0 as to be capable of carrying out an optimum dispersion
compensation based on the dispersion characteristic
obtained from the length of the transmission path fiber 10-1.

Then, into the dispersion compensating fiber 4a, the
Raman exciting light emitted from the above-mentioned
Raman exciting light source 46 is inserted through the
optical member 4c¢, therefore, also the light (signal light)
propagating in the dispersion compensating fiber 4a is
Raman-amplified by the exciting light from the Raman
exciting light source 456. By the way, the exciting light from
the Raman exiting light source 44 allows light having a
wavelength in accordance with the wavelength of the light
inputted through the transmission path fiber 10-1 and the
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first erbium doped light amplifier 3 to be outputted, similarly
to the exiting light in the Raman excitation section 2.

The upper limit value, which is a target value as will be
described later, of the output level and the gain at the
dispersion compensating fiber Raman amplifier 4 is set,
therefore, it is also possible to uniquely derive the input level
to the dispersion compensating fiber Raman amplifier 4 as a
target level. By the way, the output target level of the
above-mentioned first erbium doped light amplifier 3 cor-
responds to the target value of the input level of the
dispersion compensating fiber Raman amplifier 4 described
above.

Further, the second erbium doped light amplifier 5 is an
optical fiber amplifier that functions as a second discrete
light amplifier capable of carrying out a discrete amplifica-
tion of the light (light signal) from the dispersion compen-
sating fiber Raman amplifier 4 and the light amplified in the
second erbium doped light amplifier 5 can be sent out
through the transmission path fiber 10-2, that is, the output
side optical fiber.

The upper limit value, which is a target value, is also set
for the level of the light amplified in and outputted from the
second erbium doped light amplifier 5 and the gain is
determined in relation to the upper limit value as the output
of the dispersion compensating fiber Raman amplifier 4
described above. In other words, the second erbium doped
light amplifier 5 is configured so as to be capable of setting
the gain to allow the operation with the determined gain.

The above-mentioned first and second erbium doped light
amplifiers 3 and 5 are both configured so as to include the
excitation section for exciting an optical fiber by inserting
exciting light as well as the optical fiber, not shown sche-
matically, but the optical fibers constituting the first and
second erbium doped light amplifiers 3 and 5 can be
constituted of optical fibers doped with rare earth elements
other than erbium.

[A2] About the output level and the setting of the gain of
the first and second erbium doped light amplifiers 3 and 5
and the dispersion compensating fiber Raman amplifier 4
constituting the light amplifier 1.

By the way, in the light amplifier 1 according to the
present embodiment, as a configuration characteristic to the
present invention, the above-mentioned first erbium doped
light amplifier 3, dispersion compensating fiber Raman
amplifier 4, and second erbium doped light amplifier 5 are
arranged in this order from the input side of light as shown
in FIG. 1 and at the same time, the respective gains can be
set as an example.

In the first place, in order to make the loss of the input side
optical fiber 10-1 appear effectively low, it is preferable to
provide a function to Raman-excite the input side optical
fiber 10-1 on the input side of the light from the optical fiber
10-1 rather than arranging a discrete light amplifier such as
an erbium doped light amplifier because the loss of the
transmission path on the side in which the light has been
transmitted can be compensated by making low noises.

On the other hand, in the repeater stage in the optical
transmission path 10, it becomes necessary to compensate
the wavelength dispersion of the light in the input side
optical fiber 10-1 for the receiving side to properly receive
the light signal, therefore, the dispersion compensating fiber
4a is provided in the light amplifier 1 interposed on the
optical transmission path 10. Then, since the dispersion
compensating fiber 4a itself is a medium that produces a
comparatively large loss, the light amplifier 1 compensates
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8

the loss produced in the dispersion compensating fiber 4a by
Raman-amplifying the dispersion compensating fiber 4a as
the DCFRA 4.

Further, it is preferable to send out light with power as
high as possible as an output of the light amplifier 1 at the
stage of sending out the light to the output side optical fiber
10-2 because this leads to lengthening the transmission
length, however, it is still necessary to set the level of the
light below the upper limit value at which the nonlinear
effect begins to come into play at the output side optical fiber
10-2. This is because if the nonlinear effect comes into play
in the light inputted to the output side optical fiber 10-2,
waveform deterioration is caused in the light signal propa-
gating in the output side optical fiber 10-2.

Therefore, as shown in FIG. 1, the first upper limit value
L1, which is set based on the amount of waveform deterio-
ration caused by the nonlinear optical effect due to the output
side optical fiber 10-2, is set as a target value for the power
of' light at the stage of sending out the light to the output side
optical fiber 10-2. In other words, by making it possible to
send out a light signal to the output side optical fiber 10-2 at
the level of the first upper limit value L1, the transmission
distance can be lengthened without the need to take into
account the influence of the waveform deterioration caused
by the nonlinear optical effect.

However, if the above-mentioned L1 is set as a target
value for the power of light at the stage of sending out the
light to the output side optical fiber 10-2, a configuration in
which the dispersion compensating fiber 4a constituting the
DCFRA is connected to the output side optical fiber 10-2 is
not possible. This is because there exists a difference
between the above-mentioned first upper limit value .1 and
the output upper limit value set based on the amount of
waveform deterioration caused by the nonlinear effect in the
dispersion compensating fiber 4a.

That is, since the core diameter of the dispersion com-
pensating fiber 4a needs to be made smaller than that of the
input side and output side optical fibers 10-1 and 10-2, the
intensity of the light confined to and transmitted in the core
of the dispersion compensating fiber 4a becomes greater
than that in the output side optical fiber 10-2 (that is, the
energy density in the DCRFR4 becomes greater than that in
the output side optical fiber 10-2), and the influence of a
difference of a refractive index between the dispersion
compensating fiber 4a and the output side optical fiber 10-2
also leads to that the upper limit of the level of the output
light at which the nonlinear effect comes into play becomes
lower in the dispersion compensating fiber 4a than in the
output side optical fiber 10-2.

Originally, the nonlinear optical effect of the DCFRA 4 is
more likely to occur as the integral of the change in light
level between the input and the output becomes greater,
however, it is substantially possible to make a judgment
based on the magnitude of the output light level. In other
words, the greater the output light level is, the greater the
amount of waveform deterioration caused by the nonlinear
optical effect becomes relatively. As for the nonlinear effect
of the output side optical fiber 10-2, it is also possible to
make a judgment based on the magnitude of the input light
level (or the light level of the output of the light amplifier 1)
to the output side optical fiber 10-2.

As described above, it is preferable to raise the level at
which the light is to be sent out to the output side optical
fiber 10-2 as output light to a level toward the maximum
value (nonlinear limit of the output side optical fiber) L1 as
a target at which the influence of the nonlinear optical effect
that the light signal propagating in the output side optical



US 7,046,431 Bl

9

fiber 10-2 undergoes can be ignored by the receiving side,
however, a difference is bound to be made between the
nonlinear limit [.1 of the output side optical fiber 10-2 and
the nonlinear limit of the light level of the output light of the
DCFRA 4.

Therefore, the target value of the output light level of the
dispersion compensating fiber 4a is set to a second upper
limit value (that is, the nonlinear limit of the dispersion
compensating fiber 4a) .2 at which the influence of the
nonlinear optical effect that the light signal propagating in
the dispersion compensating fiber 4a undergoes can be
ignored and at the same time, in order to remove the
difference in light level between the above-mentioned [.2
and L1, the second erbium doped light amplifier 5, that is,
a discrete light amplifier, is interposed between the disper-
sion compensating fiber 4a and the output side optical fiber
10-2.

The gain of the second erbium doped light amplifier 5 is
set so that the first upper limit value, which is the target
value of the input level of the output side optical fiber 10-2,
can be set as an output level when the second upper limit
value, which is the output target value of the above-men-
tioned dispersion compensating fiber 4q, is set as an input
level. At this time, the gain should be set while the optical
loss due to the respective connections between the disper-
sion compensating fiber 4a and the second erbium doped
light amplifier 5 and between the output side optical fiber
10-2 and the second erbium doped light amplifier 5 is taken
into account.

In the dispersion compensating fiber 4a that carries out
the Raman amplification as the DCFRA 4, crosstalk light
caused by the double Rayleigh scattering produces interfer-
ence noises. The interference noise increases correspond-
ingly as the gain of the Raman amplification becomes
greater. In order to suppress the interference noise, it is
necessary to impose limitations to the gain of the DCFRA
itself as well. That is, the gain of the DCFRA 4 is set to a
gain LG shown in FIG. 1 in order to suppress the interfer-
ence noise caused by the double Rayleigh scattering while
compensating the optical loss due to the dispersion com-
pensating fiber 4a.

If the amount of compensation necessary to dispersion-
compensating the input side optical fiber 10-1 is found, the
length of the dispersion compensating fiber 4a can be
determined accordingly, therefore, the amount of loss of the
dispersion compensating fiber 4a is determined uniquely.
Because of this, if the output light level of the DCFRA 4 is
set so as to be the nonlinear limit [.2 and at the same time,
the gain is set so as to be LG, the light level to be inputted
to the DCFRA 4 can also be determined uniquely as a target
value L3.

At present, however, a difference is made between the
value to be set as the target value L3 of the light level
inputted to the DCFRA 4 and a light level L4 to be inputted
to the light amplifier 1 from the input side optical fiber 10-1
even if the light to be inputted is such one that has been
Raman-amplified by the exiting light from the Raman exci-
tation section 2. This is because, since limitations are
imposed on the exciting light level of the Raman excitation
section 2 as described above, the Raman amplification by the
Raman excitation section 2 can not be raised up to such a
level given as the target value L3 of the level of light to be
inputted to the DCFRA 4.

By designing a configuration so that by connecting the
DCFRA 4 to the post stage of the Raman excitation section
2, the light Raman-amplified by the Raman excitation sec-
tion 2 is amplified by the DCFRA 4, and at the same time,
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by limiting the gain of the DCFRA 4 to the above-mentioned
LG, it may be thought possible to cope therewith by increas-
ing the gain of the second erbium doped light amplifier 5
although the output of the DCFRA 4 does not reach the
target value [.2.

In this configuration, however, if, for example, as shown
in FIG. 2 and FIG. 3 (b), the exciting light power of the
Raman excitation section 2 is set to about 500 mW as
described above, the noise characteristic is deteriorated. It is
supposed that the deterioration of the noise characteristic is
mainly caused by the fact that the DCFRA 4 is operated at
comparatively low input/output light levels. Therefore, in
order to improve the noise characteristic, it is preferable to
operate the DCFRA 4 in the region where the input/output
light level is as high as possible without changing the gain
thereof.

In other words, in order to improve the noise performance
of'the whole light amplifier 1, it becomes necessary to set the
input light level as high as possible in a range where the
nonlinear limit of the output light is not exceeded while
limiting the gain to LG so that the interference noise caused
by the double Rayleigh scattering is suppressed as described
above. Doing so incurs occurrence inevitably of a difference
between the level of light inputted to the light amplifier 1
from the input side optical fiber 10-1 and the input level to
the DCFRA 4.

In the present invention, in order to remove the difference
between light levels described above, the first erbium doped
light amplifier 3 is provided between the Raman excitation
section 2 and the DCFRA 4. At this time, the gain of the first
erbium doped light amplifier 3 is set so that the light (its
level is L4 in FIG. 1) Raman-amplified by the exciting light
from the Raman excitation section 2 is amplified up to the
target value level L3 of the light to be inputted to the
above-mentioned DCFRA 4. In this case also, the gain
should be set while the optical loss due to the respective
connections between the Raman excitation section 2 and the
first erbium doped light amplifier 3 and between the disper-
sion compensating fiber 4a and the first erbium doped light
amplifier 3 is taken into account.

[A3] Operational Effect

In the light amplifier 1 thus configured, the light (signal
light) propagating in the input side optical fiber 10-1 enables
the loss of the input side optical fiber 10-1 to be effectively
reduced by carrying out the first Raman amplification using
the exiting light from the Raman excitation section 2.

Then, the light from the input side optical fiber 10-1 for
which the above-mentioned first Raman amplification has
been carried out undergoes a discrete amplification in the
first erbium doped light amplifier 3 and is amplified up to the
target value level of the light to be inputted to the DCFRA
4.

In the DCFRA 4, the light for which a discrete amplifi-
cation has been carried out in the first erbium doped light
amplifier 3 undergoes the second Raman amplification at the
above-mentioned gain LG while being dispersion-compen-
sated, and the light having the light level of the second target
value L2, which is the upper limit value at which the
influence of the nonlinear optical effect does not substan-
tially come into play in the dispersion compensating fiber
4a, is outputted.

Further, in the second erbium doped light amplifier 5, the
light for which the second Raman amplification has been
carried out in the DCFRA 4 undergoes a discrete amplifi-
cation so to be amplified from the above-mentioned second
target value 1.2 up to the first target value L1, which is the
upper limit value at which the influence of the nonlinear
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optical effect does not substantially come into play in the
output side optical fiber 10-2, and the amplification result is
sent out to the output side optical fiber 10-2 as an output of
the light amplifier 1.

As described above, when the amplifier is configured by
connecting the Raman excitation section 2, the DCFRA 4,
and the second erbium doped light amplifier 5 in this order
from the light input side, the optical signal to noise ratio
(OSNR) of the whole amplifier is as shown in FIG. 2 and
FIG. 3 (b). In contrast to this, according to the configuration
of the light amplifier 1 of the present embodiment, the
OSNR of'the light amplifier 1 is as shown in FIG. 2 and FIG.
3 (¢) and it is possible to considerably improve the OSNR
when the exciting light power of the Raman excitation
section 2 is set to 500 mW.

FIG. 2 and FIG. 3 (a) show the OSNR when the disper-
sion compensating fiber 4a is not Raman-amplified in the
configuration of the light amplifier 1 of the present invention
and it is needless to say that the configuration of the present
invention in which the dispersion compensating fiber 4a is
Raman-amplified can improve the OSNR, that is, the noise
characteristic.

Further, as shown in FIG. 3, as for the exiting light power
from the Raman excitation section 2 which can put the
OSNR to 30 dB, only in the case of the light amplifier 1 of
the present embodiment, the value (about 400 mW) that
satisfies the conformity index in Class 3B of the above-
mentioned laser safety standards is realized.

In other words, by improving the noise characteristic
expressed by the above-mentioned OSNR, it is also possible
to lengthen the distance (repeater interval distance) per span
across which transmission is possible.

Here, the distance across which a light signal can be
transmitted without interposing the regenerative repeater
function on the transmission path is given by the following
expression (1). However, the value of the OSNR used here
is a true value and the distance per span means an interval
of a transmission path on which no repeater having a direct
light amplification function is interposed.

Distance=(OSNR per repeater/permissible OSNR at
a receiving section)xdistance per span)

M

In other words, if'it is assumed that the permissible OSNR
at a device (receiving section) for receiving a light signal is
a fixed value and the distance per span is a condition given
in accordance with an actual transmission path, the measure
to lengthen the transmission distance is to increase the
OSNR per repeater.

On the other hand, the relationship between the noise
figure and the OSNR of a repeater is given by the following
expression (2).

OSNR=(transmission path input power)/{(loss per
unit span)x(noise figure)x(photon energy in the
receiving band)}

@
The photon energy in the receiving band and the loss per
span are conditions given in accordance with an actual
transmission path and from the above-mentioned expres-
sions (1) and (2), so it is eventually found that the distance
that can be reached is in inverse proportion to the noise
figure per repeater. For example, in order to double the
transmission distance, it is necessary to halve the noise
figure, that is, to reduce the noise figure by 3 dB.
Therefore, in order to lengthen the transmission distance,
it becomes necessary to reduce noises in a repeater. In
particular, when a light amplifier is mounted as a repeater for
carrying out repeater between existing transmission paths,
the distance per span is given in accordance with an actual
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transmission path, therefore, the provision of a light ampli-
fier capable of increasing the OSNR contributes to the
extension of the transmission-possible distance obtained
from the above-mentioned expression (1), which is
extremely useful.

The application of the light amplifier 1 according to the
present embodiment as a repeater enables the noise charac-
teristic of the repeater to be improved by reducing noises,
which can contribute to the extension of the transmission
distance.

Moreover, as shown in FIG. 4, the application of the
configuration of the light amplifier 1 of the present embodi-
ment to a repeater is more useful as shown below compared
to the case of the application of the configuration of other
light amplifiers to a repeater.

FIG. 4 (a) is a level diagram when a light amplifier 20A
is configured, as a repeater, by using an input side erbium
doped light amplifier (EDFA) 13, a dispersion compensating
fiber (DCF) 14a, and an output side erbium doped light
amplifier (EDFA) 15. FIG. 4 (b) is a level diagram when a
light amplifier 20B is configured, as a repeater, by using a
Raman excitation section 12, the input side erbium doped
light amplifier 13, the dispersion compensating fiber 14a,
and the output side erbium doped light amplifier 15. FIG. 4
(c) is a level diagram when the light amplifier 1 according
to the present embodiment is configured as a repeater.

In FIG. 4 (a) to FIG. 4 (¢), a change in level of light
propagating in the input side optical fiber 10-1 is shown in
an interval from D1 to D2, a change in level ranging from
the input terminal (D2) as a repeater to the output terminal
(D3) of the input side erbium doped light amplifier 13 or the
first erbium doped light amplifier 3 is shown in an interval
from D2 to D3, a change in level ranging from the above-
mentioned D3 to the output terminal (D4) of the DCF 14a
or the DCFRA 14 is shown an interval from D3 to D4, and
a change in level ranging from the above-mentioned D4 to
the output terminal (D5) of the output side erbium doped
light amplifier 15 or the second erbium doped light amplifier
5 is shown in an interval from D4 to D5.

From comparison between the configuration shown in
FIG. 4 (a) and the configuration shown in FIG. 4 (), it is
found that the power in the vicinity of the input side as a
repeater, that is, at the input section (D2) to the input side
erbium doped light amplifier 13, is more improved in the
configuration shown in FIG. 4 (4) in which the input side
optical fiber 10-1 is Raman amplified, than in the configu-
ration shown in FIG. 4 (a). Moreover, from comparison
between the configuration shown in FIG. 4 (b) and the
configuration shown in FIG. 4 (¢), it is found that the light
power is more improved in the vicinity of the input terminal
(D4) to the second stage erbium doped light amplifier 15.

As a result, as shown in FIG. 4 (c¢), it is possible for the
configuration of the light amplifier 1 according to the present
embodiment to provide a comparatively small change in
level ranging from the input side (D2) as a repeater to the
output side (D5) and the best noise performance that
changes at a comparatively high level.

Moreover, in the case where the light amplifier 1 of the
present invention is applied as a direct light amplification
repeater in a wavelength division multiplexing optical com-
munication system, when the output level per channel is set
to =3 dBm or greater and the gain of the light amplifier 1 is
set to 25 dB or greater, the effective noise figure of the whole
light amplifier 1 can be set to 2 dB or less.

In finding the above-mentioned effective noise figure of
the whole light amplifier 1, the effective noise figure of a part
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to be Raman-amplified using the input side optical fiber 10-1
as an amplification medium can be defined as the following
expression (3).

NF, eﬁ.:Pase/ (P011ltplump,O/Poutpump,oﬁxphoton energy
in the receiving band)

3

Therefore, the effective noise figure can be determined
based on the relationship between the Raman gain
(Pout,,,,....,or/POUL,,,,p, o) and the amplified spontaneous
emission (ASE) power (P,,).

As described above, according to one embodiment of the
present invention, the light amplifier includes the Raman
excitation section 2 connected to the input side optical fiber
10-1 and backwardly Raman-exciting the input side optical
fiber 10-1, the first discrete light amplifier 3 capable of
carrying out the discrete amplification of the light from the
input side optical fiber 10-1 and Raman-amplified by the
exiting light from the Raman excitation section 2, the
dispersion compensating fiber Raman amplifier capable of,
while dispersion-compensating the light amplified by the
first discrete amplifier 3 in the dispersion compensating fiber
4a, Raman-amplifying the light propagating in the disper-
sion compensating fiber 4a, and the second discrete light
amplifier 5 capable of carrying out the discrete amplification
of the light from the dispersion compensating fiber Raman
amplifier 4, therefore, there is an advantage that the gain and
the noise characteristic can be obtained, which are required
for the direct light amplification repeater in order to keep up
with the trend toward higher transmission speeds.

[A4] Others

Despite the above-mentioned embodiments, there can be
various modifications of the embodiments without departing
from the scope of the present invention.

For example, in order to stabilize the amplification char-
acteristic and the output light of the light amplifier 1, as
shown in FIG. 5, it may be possible to provide a constant
exciting light control section 2¢ for controlling the output of
exciting light to be supplied to the input side optical fiber
10-1 to be constant as a Raman excitation section 2', to
provide a constant output power control section 3a for
controlling the output power to be constant as a first erbium
doped light amplifier 3, to provide a constant output power
control section 4d for controlling the output power to be
constant as a DCFRA 4, or to provide a constant output
power control section Sa for controlling the output power to
be constant as a second erbium doped light amplifier 5'.

Due to the disclosure of the embodiments described
above, it is possible to manufacture an amplifier according
to the present invention.

What is claimed is:

1. A light amplifier interposed between an input side

optical fiber and an output side optical fiber, comprising:

a Raman excitation section for backwardly Raman-excit-
ing said input side optical fiber;

a first discrete light amplifier capable of carrying out a
discrete amplification of light from said input side
optical fiber and Raman-amplified by the exiting light
from said Raman excitation section;

a dispersion compensating fiber Raman amplifier capable
of, while dispersion-compensating the light amplified
by said first discrete light amplifier in a dispersion
compensating fiber, Raman-amplifying the light propa-
gating in said dispersion compensating fiber; and

a second discrete light amplifier capable of carrying out a
discrete amplification of the light from said dispersion
compensating fiber Raman amplifier,
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wherein the level of light outputted from said second
discrete light amplifier is set so that a first upper limit
value set based on the amount of waveform deteriora-
tion caused by the nonlinear optical effect due to said
output side optical fiber is not exceeded.

2. The light amplifier according to claim 1, wherein the
gain of said dispersion compensating fiber Raman amplifier
is set so that the interference noise caused by the double
Rayleigh scattering is suppressed while the loss of the light
due to said dispersion compensating fiber is being compen-
sated.

3. The light amplifier according to claim 2, wherein the
level of the light outputted from said dispersion compensat-
ing fiber Raman amplifier is set so that a second upper limit
value set based on the amount of waveform deterioration
caused by the nonlinear optical effect due to said dispersion
compensating filter is not exceeded.

4. The light amplifier according to claim 1, wherein the
level of the light outputted from said second discrete light
amplifier is set so that the first upper limit value set based on
the amount of waveform deterioration caused by the non-
linear optical effect due to said output side optical fiber is not
exceeded,

the gain of said dispersion compensating fiber Raman

amplifier is set so that the interference noise caused by
the double Rayleigh scattering is suppressed while the
loss of light due to said dispersion compensating fiber
is being compensated, and

the level of the light outputted from said dispersion

compensating fiber Raman amplifier is set so that the
second upper limit value set based on the amount of
waveform deterioration caused by the nonlinear optical
effect due to said dispersion compensating fiber is not
exceeded.

5. The light amplifier according to claim 4, wherein the
gain of said second discrete light amplifier is set as a gain
being amplified from the level set as a level of the light
outputted from said dispersion compensating fiber Raman
amplifier to the level set so that said first upper limit value
is not exceeded.

6. The light amplifier according to claim 5, wherein the
gain of said first discrete light amplifier is set so that said first
discrete light amplifier amplifies the light Raman-amplified
by said exciting light from said Raman excitation section up
to the level of the light inputted to said dispersion compen-
sating fiber Raman amplifier, which is derived from the gain
of said dispersion compensating fiber Raman amplifier and
the setting of the level of the light outputted from said
dispersion compensating fiber Raman amplifier.

7. The light amplifier according to claim 1, wherein the
intensity of said exiting light from said Raman excitation
section is set to equal or less than about 500 mW.

8. The light amplifier according to claim 1, wherein said
first discrete light amplifier and said second discrete light
amplifier are constituted of a first rare earth doped light
amplifier and a second rare earth doped light amplifier,
respectively.

9. The light amplifier according to claim 1, wherein the
light amplified by said exiting light from said Raman
excitation section is wavelength division multiplexed light
and when the output level per wavelength channel is equal
to or greater than the -3 dBm and the gain of the whole light
amplifier is equal to or greater than 25 dB, the effective noise
figure of the whole light amplifier is set to 2 dB or less.

10. A light amplifying method, comprising the steps of:

carrying out a first Raman amplification of the light

propagating in the input side optical fiber;



US 7,046,431 Bl

15

carrying out a first discrete amplification of the light
inputted from said input side optical fiber and said first
Raman-amplified;

carrying out a second Raman amplification of the light
propagating in said dispersion compensating fiber
while dispersion-compensating the light for which said
centralized type amplification has been carried out in
the dispersion compensating fiber; and

carrying out a second discrete amplification of the light

for which said dispersion compensation and said sec-
ond Raman amplification have been carried out and
outputting the light to the output side optical fiber,
wherein the level of the light obtained by said second
discrete amplification is set so that the first upper limit
value set based on the amount of waveform deteriora-
tion caused by the nonlinear optical effect due to said
output side optical fiber is not exceeded.

11. The light amplifying method according to claim 10,
wherein the level of the light obtained by said second
discrete amplification is set so that the first upper limit value
set based on the amount of waveform deterioration caused
by the nonlinear optical effect due to said output side optical
fiber is not exceeded,

the gain obtained by said second Raman amplification is

set so that the interference noise caused by the double
Rayleigh scattering is suppressed while the loss of the
light due to said dispersion compensating fiber is being
compensated, and

the level of the light obtained by said second Raman

amplification is set so that the second upper limit value
set based on the amount of waveform deterioration
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caused by the nonlinear optical effect due to said
dispersion compensating fiber is not exceeded.

12. The light amplifying method according to claim 11,
wherein the gain obtained by said second discrete amplifi-
cation is set as a gain being amplified from the level set as
a level of the light obtained by said second Raman ampli-
fication to the level set so that said first upper limit value is
not exceeded.

13. The light amplifying method according to claim 11,
wherein the gain obtained by said first discrete amplification
is set so that the level of the light obtained by said first
Raman amplification is amplified up to the level of the light
inputted to said dispersion compensating fiber Raman ampli-
fier, which is derived from the gain obtained by said second
Raman amplification and the setting of the level of the light
obtained by said Raman amplification.

14. The light amplifying method according to claim 10,
wherein the intensity of the exciting light for said first
Raman amplification is set to equal or less than about 500
mW.

15. The light amplifying method according to claim 10,
wherein the output of said exciting light in said Raman
excitation section is controlled to be constant,

the power of the output light is obtained by said first

discrete amplification is controlled to be constant;

the power of the output light obtained by said second

Raman amplification is controlled to be constant; and
the power output light obtained by said second discrete
amplification is controlled to be constant.
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